Ethnopharmacology relevance: The leaves of Planchonia careya (F. Muell.) R. Knuth (Lecythidaceae) have been traditionally implemented in the treatment of wounds by the indigenous people of northern Australia, although the compounds responsible for the medicinal properties have not been identified.
Introduction
Planchonia careya (Lecythidaceae) is traditionally used to treat sores and abrasions by the indigenous people of northern Australia. The inner bark can be made into an infusion and used to bathe wounds, followed by bandaging with the root bark (Lassak and McCarthy, 2001 ). The bark of P. careya has also been used as a fish poison and this ichthyotoxic activity has been attributed to the high percentage of saponins present, a characteristic that is also noted in the related genus, Barringtonia (Pal, 1994; Neuwinger, 2004) .
Investigations into the phytochemistry of the bark have revealed many pentacyclic oleanolic triterpenes and triterpenoid saponins, which may account for the observed woundhealing activity Lewis, 1977, 1979) .
The leaves of this species also have documented medicinal properties, with the crushed leaves being applied directly to sores and ulcers to prevent or treat infections (Cribb and Cribb, 1983) . Preliminary phytochemical surveys of Australian flora revealed that triterpenes were present in the leaf extracts of P. careya (Simes et al., 1959) , and that the leaves were devoid of alkaloids (Webb, 1949; Collins et al., 1990) , though no further investigations have been carried out to identify the active principles of the leaves.
The traditional use of P. careya suggested that the leaves contained antibacterial compounds that may be beneficial as antibiotics, topical antibacterial agents, or as sterilization agents for industry. With the growing incidence of antibiotic resistance among bacteria, such as methicillin and vancomycin-resistant strains, there is an increased urgency to find new antibacterial compounds (IDSA, 2004) . Here we report for the first time the characterisation and evaluation of the antibacterial constituents of the leaves of P. careya.
Materials and methods

General experimental procedures
NMR spectra were obtained using a Bruker DRX500 NMR spectrometer operating at 500 Waters 996 Photodiode Array UV Detector. Positive and negative ion electrospray mass spectra were acquired with a VG Platform mass spectrometer using a cone voltage of 50V and the source was maintained at 80°C. The solvent system used was MeOH with a flow rate of 0.04 mL/min. Optical rotations were measured with an Optical Activity Ltd PolAAr3005 automatic polarimeter, and melting points were determined with a micro melting point apparatus and were uncorrected.
Plant material
The collection of leaves from Planchonia careya (F. Muell.) R. Knuth was authenticated by Dr. Andrew Ford, CSIRO Tropical Forest Research Centre, Queensland, Australia, and voucher specimens were lodged at the Australian National Herbarium (A.Ford4328).
Leaves were stored at -10°C before extraction. 5
Extraction and isolation
Chopped fresh leaves Planchonia careya (4.74 kg) were extracted with distilled water at room temperature with agitation via an orbital shaker (3 x 24 h), followed by extraction with methanol (2 x 24 h). The combined aqueous extract (460.1 g) was concentrated on Amberlite XAD-16 resin (600 x 200 mm column) and eluted with MeOH, converting the aqueous extract to a methanol fraction. Further separation of the methanol fraction (204.8 g) was achieved with activity-guided fractionation through coarse Chromatorex ® C18 media (100-200 mesh, Fuji Silysia Chemicals Ltd., 300 x 100 mm column) with a solvent gradient from 10% MeOH/H 2 O to 100% MeOH, followed by separation of the main active fraction (14.95 g) using Sephadex™ LH-20 gel (Amersham, 800 x 80 mm) with 100% MeOH. At each stage fractions were tested using plate-hole diffusion assays against Bacillus cereus and methicillin-resistant Staphylococcus aureus (MRSA). Isolation and purification of 1 and 2 was achieved using repeated preparative HPLC columns (Alltech Alltima RP-C18, 5 μm, 250 x 22 mm) in 5% MeOH/H 2 O, to give 6.5 mg and 12 mg of 1 and 2, respectively.
The methanol extract (496.6 g) was first separated with liquid-liquid partitioning using water and dichloromethane (DCM), and the DCM-soluble fraction (62.72 g) was separated further with silica gel 60 (100-200 mesh, Merck) using a gradient of MeOH in DCM. A semi-preparative Delta-Pak™ C18 column (15 μm, 40 x 300 mm Waters PrepPak ® cartridges) at 70% MeOH/H 2 O, followed by preparative HPLC columns (Alltima RP-C18, 5 μm, 250 x 22 mm) in the same solvent isolated 21 mg and 15 mg of 3 and 4, respectively.
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Compounds 5 and 6 could not be further separated and a 2 mg mixture was obtained consisting of approximately 89% 5 and 11% 6.
Antibacterial assays
Isolated compounds were tested for antimicrobial activity against Bacillus cereus inoculated with 200 μL of overnight bacteria culture was poured into a petri dish. Once set and dried, wells of 4 mm diameter were made in the agar using a sterile cork borer and 10 μL of each fraction were added to each well, with methanol as the negative control and tetracycline as the positive control. After overnight incubation at 37°C, the diameters of the zones of inhibited growth were measured. PHDAs using duplicate two-fold serial dilutions of the test compounds and crude extract were used to assess the minimum inhibitory concentrations (MIC).
The MIC of the crude extracts and some compounds against the fast-growing strains of mycobacteria were assessed with broth dilution assays. Middlebrook 7H9 broth (Difco) 7 supplemented with glycerol and enrichment broth (supplied by BD) was added to a 96 well plate in 100 µL aliquots, and serial dilutions of the test samples were performed. Aliquots (10 µL) of 48 hour broth cultures were added to each well to a final turbidity of a 0.5
McFarland standard, and incubated for 48 h at 37°C. After the addition of 10 µL of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) solution (5 mg/mL distilled H 2 O), plates were incubated for a further 30 minutes and the MIC was determined as the lowest concentration of test sample before purple formazan crystals were observed.
Cytotoxicity assays
The viability of monkey epithelial (MA104) cells after exposure to the test compounds was assessed with MTT assays (Mosmann, 1983) . Aliquots of cell suspension (100 μL) at 2.4 x 10 5 cells/mL in Dulbecco's Modified Eagle Medium (DMEM) were added to a 96 well microtitre plate, which was incubated for 24 hours at 37°C in 5% CO 2 atmosphere. After cells were washed, 100 μL of fresh media were added to each well, and duplicate two-fold serial dilutions of each test compound were performed in DMEM.
After 48 hours incubation, cells were washed and 20 μL of MTT (5 mg/mL in phosphate buffered saline, pH 7.4) were added to each well. Plates were incubated for a further 4 hours to allow formazan crystals to form, before 150 μL of isopropanol/0.2 M HCl (88:12 v/v) solution were added to dissolve the crystals. After 15 minutes, the absorbance was measured at 570 nm with a Molecular Devices Emax Microplate Reader using SoftMax ® software. The inhibitory rate (IR) was calculated as: IR = (A SC -A TC )/ A SC x 100, where A TC is the average absorbance for each concentration of test compound and A SC is the average 8 absorbance of the methanol control (Lin et al., 2005) . Absorbance readings were first corrected for the media blank.
Results
Compound isolation and identification
The chopped fresh leaves of Planchonia careya were extracted with distilled water followed by methanol, and both of these extracts showed antibacterial activity against Gram positive bacteria and fast-growing strains of mycobacteria. The compounds responsible for the observed activity of the crude extract were separated by HPLC-piloted activity-guided fractionation. The main active constituents of the aqueous extract were two proanthocyanidins, 1 and 2 (Figure 1) , and chromatographic separation of the active compounds from the methanol extract produced a fatty acid, 3, an oleanolic triterpene, 4, and an inseparable mixture of two acylated ursane-type triterpenes 5 and 6 (Figure 2 ).
The isolated compounds were characterized using 1D (1H and 13C) NMR and 2D (COSY, HSQC, HMBC) NMR spectroscopy, as well as ESI/MS. The melting point and optical rotation of each compound was also determined and compared to the literature values where possible. The chemical shifts of 1 and 2 were consistent with those of proanthocyanidin monomers and dimers, and were identified as (+)-gallocatechin and gallocatechin-(4α→8)-gallocatechin, respectively (Sun et al., 1987; Cai et al., 1991) . The the melting points at 197°C (decomp.) and 214°C (decomp.) for 1 and 2, respectively, were similar to those previously reported (Sun et al., 1987; Foo et al., 1996; Yokozawa and Nakagawa, 2004) .
Compound 3 (Figure 2) (Yamagishi et al., 1988; Garcia-Granados et al., 2007) . The α and β configurations of the hydroxyl groups on C-2 and C-3 respectively were confirmed by the large coupling constant, J 2-3 = 10 Hz, attributable to a diaxial proton formation, as well as comparison of the 1 H NMR data with those of the configurational studies carried out on oleanene-type triterpene by Kojima and Ogura (1989) . Although structurally similar to arjunolic acid (2α,3β,23-trihydroxyolean-12-en-28-oic acid), the 13 C NMR shifts of C-3, C-23 and C-24 were δ C 86.05, 23.92, and 66.33, respectively, compared with δ C 78.7, 67.2, 14.0, respectively, as reported for the 23-hydroxy isomer (Collins et al., 1992; Kundu and Mahato, 1993) . 
Biological activity
The antibacterial activity of 1-6, as well as the crude aqueous and methanolic extracts was evaluated against methicillin-resistant Staphylococcus aureus (MRSA), vancomycinresistant enterococci (VRE), Bacillus cereus, S. aureus and Escherichia coli with minimum inhibitory concentration (MIC) assays. These tests were performed using plate-hole diffusion assays with a two-fold serial dilution of sample, using tetracycline as a positive control. Where sufficient quantities of compounds were available the MIC was determined against Mycobacterium smegmatis and M. fortuitum using broth dilution assays with MTT as an indicator of bacterial growth. Tests were performed in duplicate, and the average MIC for each compound and crude extract against each tested bacteria strain is given in Table 2 .
Compounds and extracts from P. careya leaves showed no activity against the Gram negative E. coli at the highest tested concentration. The methanolic compounds proved to be more active against the Gram positive bacteria than the aqueous compounds, and the isolated compounds produced lower MICs than the crude extracts.
The MICs of 1 and 2 against MRSA, S. aureus, and B. cereus were the same at 6.0 mg/mL.
Compound 2 proved to be the more active of the aqueous compounds against the mycobacteria, with an MIC of 12 mg/mL against M. smegmatis, compared with 24 mg/mL for 1. Compound 2 also showed some activity against M. fortuitum at the highest tested concentration of 24 mg/mL, though 1 was not active towards this strain of mycobacteria.
The reduced activity of 1 and 2 against the mycobacteria may be due to the high lipid content of the cell wall, which prevented these compounds from interacting with intracellular enzymes. The MIC of the aqueous extract against the mycobacteria was much lower than that of 1 and 2, suggesting that there may be some level of synergistic activity occurring between the many compounds in the extract.
The MICs of the methanol extract were much greater than those of the isolated compounds, suggesting that screening of crude extracts is not always indicative of the activity of the comprising compounds. This may be due to antagonistic activity occurring between the many compounds of the crude extract, however further investigation is required. The mixture of 5 and 6 produced the lowest MICs of the isolated compounds against S. aureus and VRE, with concentrations of 0.118 and 0.059 mg/mL, respectively. Tetracycline gave a slightly higher MIC against VRE of 0.08 mg/mL, making 5 and 6 more active against this antibiotic-resistant strain than the commercial antibiotic. The methanol extract however, exhibited MICs of 9.0 mg/mL against the mycobacteria, Gram positive bacteria and MRSA, but was inactive against the VRE at the highest tested concentration of 36 mg/mL. The MICs of 3 and 4 against VRE were higher than that of the mixture of 5 and 6 at 1.0 and 0.4 mg/ mL, respectively. Compound 3 produced the same MIC against both antibioticresistant strains, while 4 was less active against MRSA than VRE with a MIC of 0.8 mg/mL. S. aureus was more susceptible to 3 than its antibiotic-resistant counterpart, with an MIC of 0.5 mg/mL, and 3 also produced the lowest MIC of the tested compounds against M. smegmatis of 2.0 mg/mL.
The selectivity of each compound for prokaryotic cells was determined by calculating the therapeutical index (T.I.), which was defined as the cytotoxicity (IC 50 ) divided by the antibacterial activity (MIC). A greater T.I. is considered to produce fewer side effects when administered to mammals (Kashiwada et al., 1998) . Compounds with a T.I. of 1.0 or below are unsuitable for internal use and applications of such antibacterial agents are limited to topical treatments. Thus to more properly evaluate the potential applications of the antibacterial compounds isolated from P. careya leaf extracts, the cytotoxicity of each was tested against monkey kidney epithelial (MA104) cells (Table 1) .
In general, the isolated compounds proved to be more toxic against eukaryotic cells than prokaryotic cells, with a T.I. of less than 1.0. The only exception was the mixture of 5 and 6, which produced a T.I. of 1.2, making these compounds very weakly selective for VRE.
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Analysis of the purified compounds may alter this selectivity. The T.I. of tetracycline for VRE was 1.9, though it was much more selective for S. aureus with a T.I. of approximately 150. Compounds 1 and 2 produced IC 50 values of 145.4 and 220.9 µg/mL, respectively, while the greater activity of 3 and 4 against bacteria also produced far great cytotoxicity with IC 50 values of 35.0 and 19.2 µg/mL, respectively. The T.I. of 1-4 was < 0.05, which suggested that they were unsuitable for internal administration.
Discussion
Compounds 1 and 2 have been previously isolated from many food and medicinal plants including Hippophae rhamnoides (Elaeagnaceae), Croton lechleri (Euphorbiaceae), Ribes nigrum (Grossulariaceae), and Cistus incanus (Cistaceae) (Cai et al., 1991; Petereit et al., 1991; Tits et al., 1992; Rösch et al., 2004) . Compound 3 has been previously isolated from Xeranthemum annum (Asteraceae) (Powell et al., 1967) as well as Glechoma hederacea (Labiatae) (Henry et al., 1987) , and has been shown to be an antibacterial constituent of the cyanobacterium, Oscillatoria redekei (Mundt et al., 2003) . Fatty acids with conjugated double bonds as well as the C-9 hydroxylation are also known to be highly reactive and have some industrial applications, such as in the manufacture of paints (Derksen et al., 1996; Cahoon and Kinney, 2004; Singh et al., 2005; Naidu et al., 2007) . Compound 4 was originally isolated as a cytotoxic constituent of Hyptis capitata (Labiatae) (Yamagishi et al., 1988) . The mixture of 5 and 6 has proven to be a cytotoxic constituents in the traditional medicinal plant, Eriobotrya japonica (Rosaceae) (Taniguchi et al., 2002) , though no reports have been found on the antibacterial activity of these compounds.
14 Each of the isolated compounds were active against Gram positive bacteria, which are associated with skin infections, and therefore the traditional use of P. careya leaves in treating sores and abrasions is justified. Polyphenolic compounds, including 1 and 2, are known to interact with proteins via hydrogen bonding, and this property has been attributed to the accelerated healing of wounds (Haslam, 1996) as well as the inhibition of extracellular or intracellular enzyme functions of bacteria (Scalbert, 1991) .
The greater activity of the methanol extracts against Gram positive bacteria gave further indication of the sterilization capabilities of the leaf extracts. The antibacterial activity of 3 may be attributed to the inhibition of enzymatic functions within the cell (Mundt et al., 2003) . The α-subunit of mitochondrial ATP synthase has been identified as a specific protein target of mono-(S) hydroxy fatty acids, and the lack of specificity for bacteria cells demonstrated by 3 may be attributed to this non-prokaryotic-specific target protein (Kang et al., 1999) . Compounds 3, 5 and 6, and a 23-hydroxy stereoisomer of 4 (arjunolic acid), have all been reported as playing a role in the immune-response of plants (Kato et al., 1993; Scutareanu et al., 1999; Dixon, 2001) . This suggested that these compounds may only be present, or present in greater concentrations, in the leaves of biologically damaged P. careya trees (Harborne, 1999; Dixon, 2001; Vasconsuelo and Boland, 2007) . The implications of the difference in the healing capabilities of this species with and without the induced phytoalexins are yet to be fully explored.
The isolation of antibacterial compounds from P. careya leaves validates the traditional use of this species in the treatment of wounds, and the weak selectivity of 5 and 6 for VRE highlights the importance of investigating wound-healing remedies for antibacterial agents.
The relative toxicity of the isolated compounds to eukaryotic cells demonstrates the reason for the topical application of the leaves rather than internal administration. This lack of selectivity for prokaryotic cells limits the potential use of these compounds to antibacterial agents that may be incorporated into topical ointments, creams or hand washes. They may also be suitable in industrial applications, such as 3, which can be added to paint and may contribute to the anti-fouling properties of the final product. Further, the reported involvement of 3, 5 and 6 in the immune systems of plants warrants further investigation into the inducible phytoalexins of this species. 
